Interaction between GRIP and Liprin-α/SYD2 Is Required for AMPA Receptor Targeting  by Wyszynski, Michael et al.
Neuron, Vol. 34, 39–52, March 28, 2002, Copyright 2002 by Cell Press
Interaction between GRIP and Liprin-/SYD2
Is Required for AMPA Receptor Targeting
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Interaction with the multi-PDZ protein GRIP is required neurons.
for the synaptic targeting of AMPA receptors, but the The liprin- family of proteins (liprin-1, -2, -3, and
underlying mechanism is unknown. We show that -4) was first identified by their interaction with the LAR
GRIP binds to the liprin-/SYD2 family of proteins that family of receptor protein tyrosine phosphatases (LAR-
interact with LAR receptor protein tyrosine phospha- RPTPs), which includes LAR, PTP, and PTP (Pulido
tases (LAR-RPTPs) and that are implicated in presyn- et al., 1995; Serra-Page`s et al., 1995, 1998). Liprin-
aptic development. In neurons, liprin- and LAR-RPTP consists of an N-terminal coiled-coil region that medi-
are enriched at synapses and coimmunoprecipitate ates homo- and heteromultimerization, and a C-terminal
with GRIP and AMPA receptors. Dominant-negative region that binds to LAR-RPTPs (Pulido et al., 1995;
constructs that interfere with the GRIP-liprin interac- Serra-Page`s et al., 1995, 1998). In cultured cell lines,
tion disrupt the surface expression and dendritic clus- liprin- colocalizes with LAR-RPTP at focal adhesions,
tering of AMPA receptors in cultured neurons. Thus, suggesting a possible role in cell-matrix interactions
by mediating the targeting of liprin/GRIP-associated (Serra-Page`s et al., 1995).
proteins, liprin- is important for postsynaptic as well The C. elegans liprin- homolog syd-2 was isolated
as presynaptic maturation. in a screen for mutants affecting localization of the syn-
aptic vesicle protein synaptobrevin (Zhen and Jin, 1999).
Syd-2 mutants display an abnormally diffuse distributionIntroduction
of presynaptic markers, lengthening of active zones,
and impaired synaptic transmission (Zhen and Jin,AMPA-type glutamate receptors mediate excitatory
1999). Zhen and Jin (1999) suggested that SYD-2 mightsynaptic transmission and are composed of heteromeric
function in presynaptic differentiation as a structuralcombinations of GluR1-4 subunits. The GRIP family of
component of active zones and/or as a molecular anchor
recruiting other molecules such as LAR-RPTP to the
6 Correspondence: msheng@mit.edu
active zone. The precise localization of SYD-2 and its7 Present address: Amgen Inc., One Amgen Center, Thousand Oaks,
potential involvement in postsynaptic differentiation isCalifornia 91320.
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Krueger et al., 1996; for review, see Van Vactor, 1998; We further tested the association of GRIP and liprin-
Wills et al., 1999); however, a role for LAR-RPTPs in as full-length proteins in a cellular context. From cotrans-
synaptogenesis or in mature synapses has not been fected COS-7 cells, GRIP1 could be readily coimmuno-
explored. precipitated with liprin-, but not with liprin-1A, a natu-
In the present study, we show that liprin- binds to ral C-terminal splice variant lacking the last 17 amino
GRIP/ABP, thereby mediating an in vivo association of acids of liprin-1 (Figure 1C) (Serra-Page`s et al., 1995).
AMPA receptors, GRIP, liprin-, and LAR-RPTPs. This result reaffirms the importance of the liprin-
Liprin- and LAR-RPTPs are enriched at synaptic sites, C terminus in GRIP binding.
and interfering with the GRIP-liprin- interaction dis- To study liprin- proteins in vivo, we utilized a liprin-
rupts the synaptic targeting of AMPA receptors. 2-specific mouse monoclonal antibody (254.2; Serra-
Page`s et al., 1998), and generated additional rabbit poly-
Results clonal antibodies against peptide sequences in liprin-1
(antibody 1069) and liprin-4 (antibody 1551). Antibody
Direct Interaction of Liprin- and GRIP 1069 recognized liprin-, but not liprin-2, whereas 1551
To identify proteins that interact with GRIP, we per- detected both liprin-1 and liprin-2 expressed in COS
formed a yeast two-hybrid screen of a rat brain cDNA cells (Figure 1D). We presume that antibody 1551 should
library using PDZ6 of GRIP1 as bait (Figure 1A). Ten also recognize liprin-4 (since it was raised against a
strongly positive clones were isolated, all of which en- peptide sequence in this protein) and predict that it
code C-terminal fragments of three of the four known should recognize liprin-3 (since the immunogenic re-
members of the liprin- family of proteins: liprin-1 gion is as conserved in liprin-3 as it is in liprin-1 and
(C-terminal 92 amino acids), liprin-3 (C-terminal 603 -2). On immunoblots of rat brain and rat hippocampal
amino acids), and liprin-4 (C-terminal 845 amino acids). cultures, antibodies 254.2, 1069, and 1551 reacted with
All these liprin- cDNA clones shared an identical a major band of Mr 160 kDa that comigrates with full-
C-terminal sequence of seven amino acids (TVRTYSC). length liprin-1 and liprin-2 expressed in COS-7 cells
This heptapeptide sequence was sufficient for binding (Figure 1D). Since all the known liprin- proteins are
to PDZ4-6 of GRIP1 in the yeast two-hybrid system expected to interact with GRIP, we used the “pan-
(Figure 1A, box). Since liprin-2 (not isolated in this par- liprin-” 1551 antibodies to probe brain lysates. Similar
ticular screen) also ends with the identical C-terminal to GRIP, liprin- was widely expressed in different re-
sequence, we predict that all members of the liprin- gions of rat brain and throughout postnatal development
family should interact with PDZ6 of GRIP1. To define (Figures 1E and 1F).
the C-terminal amino acids that specify liprin- interac-
tion with GRIP, we substituted each of the last five amino Association of Liprin-, GRIP, LAR-RPTP,
acids with alanine. Surprisingly, only alanine substitution and AMPA Receptors in Rat Brain
of tyrosine at the 2 position abolished the interaction To test whether liprin-, GRIP, LAR-RPTP, and AMPA
with PDZ4-6 of GRIP1 in yeast two-hybrid assays (Figure receptor are associated in native tissue, we performed
1A, box). Changing the terminal cysteine (0 position) to coimmunoprecipitation assays on deoxycholate (DOC)
alanine did not affect binding to GRIP.
extracts of rat brain. Using liprin- antibodies, the major-
The specificity of the GRIP-liprin- interaction was
ity of liprin- could be immunoprecipitated, leaving little
validated in a “reverse” yeast two-hybrid screen of a
in the supernatant (Figure 2A, row a, lanes 5 and 6). Inrat brain cDNA library using as bait the liprin-4 clone
the same immunoprecipitation reaction, a large fraction(C-terminal 845 amino acids). This screen yielded three
of GRIP and GluR2/3 was coprecipitated with liprin-positive clones: two of these contained identical cDNAs
(rows b and c, lanes 5 and 6). In the converse reaction,that encoded PDZ4-7 of GRIP1 (“Clone 1” of Figure
GRIP antibodies quantitatively immunoprecipitated GRIP1A). Deletion analysis showed that PDZ6 of GRIP1 is
(Figure 2A, row b, lanes 8 and 9), and copelleted a largenecessary and sufficient for binding to liprin- (Figure
amount of GluR2/3 and liprin- (rows a and c, lanes1A). By contrast, the C terminus of AMPA receptor sub-
8 and 9). Likewise, GluR2/3 antibodies were able tounit GluR4c (whose C-terminal sequence [ESIKI] is
coimmunoprecipitate approximately half of the GRIPhighly similar to GluR2/3) showed a different PDZ speci-
and liprin- proteins (Figure 2A). Thus GRIP and GluR2/3ficity, binding to PDZ5 rather than PDZ6 (Figure 1A).
are robustly associated with liprin- in brain extracts.Unexpectedly, GluR4c did not interact with GRIP
PSD-95 and the NMDA receptor subunit NR1 werePDZ4-6 in the yeast two-hybrid assay, even though the
not copelleted with liprin-, GRIP, or GluR2/3 antibodiessame GRIP fragment showed robust binding to liprin
(Figure 2A), indicating specificity of the coimmunopreci-(Figure 1A). The C-terminal tail of liprin-4 also inter-
pitation. The inclusion of the liprin- or a control NR2Bacted with PDZ6 of ABP/GRIP2 with similar efficacy
C-terminal peptide (0.5 mM final concentration) did not(data not shown).
affect the coimmunoprecipitation of GRIP with liprin-Direct binding between liprin- and GRIP1 was con-
(Figure 2B), suggesting that the association of liprin-firmed by an in vitro filter overlay assay (Figure 1B). A
and GRIP did not occur artifactually after detergent ex-hexahistidine (H6)-tagged fusion protein of GRIP1 (con-
traction of brain.taining PDZ4-6) bound the glutathione-S-transferase
We failed to detect coimmunoprecipitation of LAR-(GST) fusion protein of the C-terminal region of liprin-4,
RPTP with liprin-, GRIP, or GluR2/3 in the above experi-but not the cytoplasmic tail of Kv1.4 or GST alone (Figure
ments, possibly due to the instability of the liprin--LAR-1B, left). In the same assay, an H6-tagged fusion protein
RPTP interaction during DOC detergent extraction. Toof PDZ1-2 of PSD-95 bound specifically to Kv1.4 (Figure
1B, right). circumvent this problem, we chemically cross-linked the
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Figure 1. Direct Interaction of Liprin- and GRIP and Expression of Liprin- Proteins in Rat Brain
(A) Deletion constructs of GRIP1 (shown aligned beneath schematic of full-length GRIP1) were tested in the yeast two-hybrid system for
interaction with liprin-4 (C-terminal 845 amino acids) and with C-terminal tail of GluR4c. Clone 1 represents the GRIP1 cDNA isolated in a
two-hybrid screen with liprin-4 as bait. Boxed inset shows alanine scanning mutagenesis of the C-terminal heptapeptide sequence shared
by all liprin- proteins, and their effects on interaction with GRIP1 (PDZ4-6) in the yeast two-hybrid system. Yeast two-hybrid interactions
were semiquantified based on the degree of induction of reporter genes HIS3 and -galactosidase. PDZ domains are numbered; PDZ6 is
shaded black. ND, not determined.
(B) Filter overlay assay showing specific in vitro binding between GRIP1 and liprin-4. GST alone and GST fusion proteins of the C-terminal
tails of liprin-4 and the K channel Kv1.4 were separated by SDS-PAGE and transferred to nitrocellulose. Identical filters were probed with
H6-tagged fusion protein of GRIP1 (PDZ4-6) (left) or with H6-tagged fusion protein of PSD-95 (PDZ1-2) (right). Bound H6-tagged proteins were
detected by anti-T7 Tag antibodies. After stripping, the same membranes were reprobed with anti-GST antibody to confirm positions and
comparable loading of each target GST fusion protein (data not shown).
(C) Coimmunoprecipitation of GRIP1 with liprin-1, but not with liprin-1A, from heterologous cells. Extracts of COS-7 cells cotransfected
with GRIP1 and either liprin-1 (right) or splice variant liprin-1A (left) were immunoprecipitated (IP) with anti-liprin- antibodies or nonimmune
rabbit IgGs, and immunoblotted (IB) for GRIP1 and liprin-. Input lanes contain 5% of the extract used for each immunoprecipitation.
(D) Specificity of liprin- antibodies. COS-7 cells untransfected (Untrans) or transfected with liprin-1 or liprin-2, whole brain homogenate
(Br), and hippocampal cultures (NC) were immunoblotted with the indicated liprin- antibody.
(E) Regional expression of liprin- in rat brain. Crude synaptosomal membrane fractions (10 g of protein) from various brain regions were
immunoblotted for liprin- (using 1551 antibody), GRIP, and PSD-95. Cb, cerebellum; Ctx, cerebral cortex; Hpc, hippocampus; Subctx,
subcortical regions.
(F) Expression of liprin- during postnatal development of rat cerebral cortex. Crude synaptosomal membranes from cerebral cortex (10 g
of protein) at the indicated postnatal ages were immunoblotted for liprin-, GRIP, and NR2B.
proteins in situ with the reversible homobifunctional (Figures 2C and 2D) indicating the specificity of the LAR-
RPTP/liprin-/GRIP cross-linking by DSP.agent dithiobis-(succinimidylpropionate) (DSP) before
extraction with SDS. Following DSP cross-linking, LAR-
RPTP coimmunoprecipitated from brain extracts with Subcellular Colocalization of Liprin- and GRIP
either liprin- or GRIP antibodies, but not with control We compared the subcellular localization of liprin-,
nonimmune rabbit IgGs (Figure 2C). After cross-linking, GRIP, and LAR-RPTP in hippocampal neurons in low-
antibodies against LAR-RPTP coprecipitated liprin-, density culture (21 days in vitro [DIV21]) (Figure 3). Two
GRIP, and GluR2/3, suggesting the existence of LAR- different liprin antibodies (anti-liprin-1 1069 and anti-
RPTP in a complex with liprin-/GRIP/AMPA receptors liprin-2 monoclonal antibody 254.2 [see Figure 1D])
in the brain (Figure 2D). PSD-95 and NR1 were not copre- showed essentially identical patterns of punctate so-
matodendritic staining (Figure 3A), indicating the colo-cipitated with liprin-, GRIP, or LAR-RPTP antibodies
Neuron
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Figure 2. Association of Liprin-, GRIP, LAR-
RPTP, and AMPA Receptors in Rat Brain
(A) Coimmunoprecipitation of liprin-, GRIP,
and GluR2/3 from DOC-extracts of rat cortex
membranes. Parallel samples of brain extract
were immunoprecipitated with nonimmune
rabbit IgGs (Rb-IgG), or antibodies to liprin-
(1069), GRIP, or GluR2/3, as indicated. Each
immunoprecipitation reaction is shown in
three lanes: I, input to the immunoprecipita-
tion reaction; P, immunoprecipitated pellet;
S, supernatant remaining after the immuno-
precipitation. Equal fractions (10%) of each
sample were loaded, thus allowing direct esti-
mate of the fraction of each protein immuno-
precipitated. The I, P, and S fractions of each
immunoprecipitation were immunoblotted for
liprin-, GRIP, GluR2/3, NR1, and PSD-95, as
indicated.
(B) Solubilization and immunoprecipitation
was performed as in (A) but in the presence
of either liprin- (Lip-1) or NR2B C-terminal
competitor peptides (0.5 mM final concen-
tration).
(C and D) Coimmunoprecipitation of LAR-
RPTP, liprin-, GRIP, and GluR2/3 following
chemical cross-linking. DSP-cross-linked
brain homogenate was solubilized in SDS and
immunoprecipitated with antibodies to
liprin- or GRIP (C), LAR-RPTP (D), or with
nonimmune rabbit IgGs (C) and (D), and im-
munoblotted for the indicated proteins.
calization of liprin-1 and liprin-2. The punctate stain- these proteins inferred from the coimmunoprecipitation
data (see Figure 2).ing of antibody 1069 colocalized extensively (but not
completely) with synaptophysin (Figure 3B), suggesting GRIP and liprin- are also present and colocalized in
axons. In mature (DIV21) cultured hippocampal neurons,synaptic enrichment of liprin-1. In support of this con-
clusion, the punctate staining of liprin-2 monoclonal liprin-2 (254.2) antibodies and GRIP antibodies cos-
tained strings of puncta along the length of Tau-positiveantibody 254.2 colocalized extensively but incompletely
with PSD-95, a marker for excitatory synapses (data not processes (Figures 4A1 and 4A2, and data not shown).
Liprin-1 (1069) antibodies also stained Tau-positive ax-shown). Liprin- antibodies1069 and 254.2 also showed
additional punctate staining in dendritic shafts and cell ons in a punctate fashion (Figures 4B1 and 4B2). In
immature neurons, Tau-positive growth cones showedsomata that was clearly nonsynaptic (Figure 3B1; see
also 3C1 and 3D1); a similar pattern has been reported prominent punctate labeling for liprin- and GRIP (Fig-
ures 4C and 4D). Particularly in very young neuronsfor GRIP (Dong et al., 1999; Wyszynski et al., 1999). In
addition, a small subset of 254.2-immunoreactive pun- (DIV2-4), the liprin- and GRIP staining showed colocali-
zation in striking lines of puncta that radiated into thecta colocalized with GAD puncta, suggesting the pres-
ence of liprin-2 in GABAergic synapses (data not filopodia of growth cones (Figures 4E and 4F). These
liprin-/GRIP-immunoreactive puncta were round andshown). In its association with inhibitory as well as excit-
atory synapses, the subcellular distribution of liprin- had the appearance of small vesicles. By DIV10, growth
cones were smaller in size and the liprin-/GRIP immu-resembles that of GRIP (Dong et al., 1999; Wyszynski
et al., 1999). nopositive filipodia were no longer obvious; however,
liprin-- and GRIP-reactive puncta were still readily de-When we directly compared liprin-2 and GRIP immu-
nostaining along dendrites, a substantial fraction of li- tectable in neurite shafts and in the bodies of growth
cones (Figure 4G).prin-2 immunoreactive puncta colocalized with GRIP
puncta (Figure 3C). Similarly, a significant fraction of
liprin-2 immunoreactive puncta colocalized with LAR- Ultrastructural Localization of Liprin-
in Rat BrainRPTP along dendrites (Figure 3D). However, the distribu-
tion of LAR-RPTP was actually more synaptic than liprin: Postembedding immunogold EM of adult rat cerebral
cortex was performed using 254.2 anti-liprin-2 anti-LAR-RPTP showed a high degree of punctate colocali-
zation with PSD-95 (Figure 3E) and GluR2 (Figure 3F), body. In all blocks examined, a large fraction of gold
particles was associated with asymmetric synapses ofparticularly on dendritic spines. LAR-RPTP immunore-
activity also colocalized extensively with synaptophysin, both simple and perforated types (Figures 5A–5D). Syn-
aptic labeling was often but not exclusively over theconfirming its synaptic enrichment (data not shown).
The overlapping distributions of liprin-, GRIP, and LAR- PSD and the postsynaptic membrane. Additional immu-
noreactivity was found over presynaptic membranes,RPTPs are consistent with the partial association of
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Figure 3. Immunolocalization of Liprin-, GRIP, and LAR-RPTP in Cultured Hippocampal Neurons
(A–F) Double-label immunofluorescence staining of hippocampal neurons (DIV21 in low-density culture). Each set of panels ([A1]/[A2], [B1]/
[B2], etc.) shows double-label immunostaining for the indicated proteins. Syn, synaptophysin. (A3) and (F3) show merge of (A1)/(A2) and (F1)/
(F2), respectively. Middle panels in (B)–(D) show high-magnification-merged images of the regions boxed in outer panels. Scale bar (shown
in [A1]) represents 30 m for (A)–(D) and 5 m for (E).
synaptic vesicles, and in the cytoplasm of spines (Fig- enrichment of liprin- on both sides of the synapse in
mature brain.ures 5C and 5D). A lower level of labeling was found in
dendritic shafts and perikarya. Approximately 30% of
asymmetric synapses were labeled for liprin-2, though Liprin- and the Synaptic Targeting and Surface
Expression of AMPA Receptorsthis may be an underestimate due to low antibody sensi-
tivity and/or the effects of the postembedding process. To test if the GRIP-liprin- interaction is important for
synaptic targeting of AMPA receptors, we overex-A small fraction of labeled synapses were of the symmet-
ric type (presumably inhibitory synapses) where labeling pressed in cultured hippocampal neurons liprin-1A, the
C-terminal splice variant lacking the last 17 residues ofwas found, particularly over the presynaptic terminal.
The distribution of liprin-2 immunogold particles in liprin-1 (including the PDZ binding motifTYSC). Since
liprin-1A cannot bind GRIP (Figure 1C) but is otherwisethe vicinity of the synapse was quantified. In the axoden-
dritic axis of the synapse, particle density showed a virtually identical to liprin-1, we reasoned that it should
perform all liprin-1 functions except for GRIP binding.broad peak centered over the postsynaptic membrane,
gradually diminishing within100 nm into both pre- and Upon overexpression, liprin-1A would then act as a
dominant-interfering construct to “uncouple” liprin-postsynaptic profiles (Figure 5E). The lateral distribution
of particle density appeared uniform across the PSD function from GRIP.
Transfection of liprin-1A in hippocampal neurons(Figure 5F). Overall, the immunoEM data confirm the
Neuron
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Figure 4. Colocalization of Liprin- and GRIP in Axons and Growth Cones of Cultured Hippocampal Neurons
(A–F) Double-label immunofluorescence staining ([A1]/[A2], [B1]/[B2], etc.) for the indicated pairs of proteins.
(A and B) Punctate colocalization of liprin-2 (A1) and GRIP (A2), and costaining of liprin-1 (B1) and Tau (B2), along axons from mature
(DIV21), low-density hippocampal neurons.
(C and D) Punctate staining pattern of liprin-1 (C1) and GRIP (D1) in Tau-positive growth cones (C2 and D2) in DIV5 cultured hippocampal
neurons.
(E–G) Punctate localization of liprin-2 (E1, F1, and G1) and GRIP (E2, F2, and G2) in growth cones from cultured hippocampal neurons at
DIV2 (E), DIV4 (F), and DIV10 (G). Linear rows of colocalized liprin-2 and GRIP puncta radiating into growth cone filipodia were observed
particularly in very young cultures (E and F). Boxed regions in E1, E2, F1, and F2 are shown at higher magnification below each panel.
Arrowheads show examples of colocalized puncta.
drastically reduced the number of AMPA receptor clus- bind GRIP selectively disrupted the synaptic clustering
of AMPA receptors.ters along dendrites (density of GluR2/3 puncta 3.0 	
1.7 per 100 m dendrite length; mean 	 SD; n  30 Surface expression of AMPA receptors was quantified
by surface labeling of live neurons with antibodies di-cells; Figure 6A) compared to untransfected cells (56 	
13.2/100 m; n  20 cells; Figure 6A) or cells overex- rected against the extracellular region of GluR1 or
GluR2. Transfection of liprin-1A virtually eliminatedpressing liprin-1 (57 	 9.1 /100 m of dendrite; n  20
cells; Figure 6B). In liprin-1A-transfected cells, diffuse surface expression of endogenous GluR1 and GluR2 on
dendrites and cell bodies compared with untransfectedGluR2/3 staining was still detected in the cell body and
dendrites (Figure 6A). In contrast, overexpression of li- cells (Figures 6D and 6E; quantified in 8E). On the other
hand, overexpression of liprin-1 had no significant ef-prin-1A had no detectable effect on the number of
clusters of PSD-95 (density of PSD-95 clusters  80 	 fect on surface GluR1 or GluR2 levels (Figures 6F and
8E). These data suggest that the liprin-1-GRIP interac-12.0/100 m of dendrite [n  20 cells] versus 77 	
10.1/100 m in untransfected cells) (Figure 6C). Thus, tion is important for the surface expression of endoge-
nous AMPA receptors containing GluR1 or GluR2. How-overexpression of a liprin-1 splice variant that cannot
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expressed on the surface in singly transfected neurons
(data not shown) and in neurons cotransfected with li-
prin-1 (Figures 7A and 7C). Cotransfection of the GRIP
binding-defective liprin-1A, however, strongly im-
paired the surface expression of HA-GluR2 (Figure 7B).
Interestingly, this inhibition was subunit specific in that
the surface expression of HA-GluR1 was unaffected by
liprin-1A (Figure 7D). The ratio of surface HA-GluR im-
munofluorescence in cells transfected with liprin-1A
versus cells transfected with liprin-1 was 0.35 	 0.02
for HA-GluR2 and 1.04	 0.01 for HA-GluR1. The subunit
specificity of the liprin-1A effect on surface expression
of AMPA receptors correlates with the fact that GRIP
binds to GluR2 but not GluR1.
We sought additional evidence that the GRIP-liprin-1
interaction is critical for surface expression and synaptic
clustering of AMPA receptors. We first tried overexpres-
sion of a liprin-1 C-terminal construct that would com-
pete for binding of liprin- to GRIP PDZ6. However,
transfection of the C-terminal 50 amino acids of liprin-
1 or liprin-1A fused to GFP or to a myristoylation
modification tag had no effect on AMPA receptor clus-
tering or surface levels (data not shown).
As an alternative approach to competitively disrupt
the liprin--GRIP interaction, we overexpressed PDZ6 of
GRIP1 fused to an N-terminal HA-tag and myristoylation
modification sequence for membrane association (Myr-
HA-PDZ6). All neurons transfected with Myr-HA-PDZ6
showed a strong reduction in surface expression of en-
dogenous GluR1 and GluR2 and virtual elimination of
surface clusters (Figures 8A, 8B, and 8E). Overexpres-
sion of the Myr-HA-PDZ6 construct had no effect on
the clustering of PSD-95 (Figure 8D; density of PSD-95
clusters  78 	 20.5 /100 m of dendrite [n  12 cells]
versus 82 	 15.0 /100 m in untransfected cells). More-
Figure 5. Immunogold-EM Localization of Liprin- in Rat Somatic over, surface AMPA receptor clustering was not affected
Sensory Cortex by the control myristoylation-HA peptide itself (Figures
(A–D) Postsynaptic immunogold labeling for liprin-2 (arrowheads) 8C and 8E) or by a Myr-HA construct of PDZ3 from PSD-
associated with asymmetric synapses of simple (A, C, and D) and
95 (data not shown), indicating specificity of the effect.perforated types (B). Additional labeling (arrows) was associated
The effect of Myr-HA-PDZ6 on AMPA receptors waswith presynaptic membranes (C), and synaptic vesicles (D). Sp,
essentially identical to that of liprin-1A (Figure 6). TakenSpine; asterisks mark presynaptic terminals. Immunolabeling in (A)
was with 18 nm gold particles; labeling in other panels was with 10 together, these data strongly argue that the GRIP-
nm particles. Scale bars: 0.2 m in (A) for (A) and (B); 0.25 m in liprin- interaction is important for surface expression
(C) for (C) and (D). and dendritic clustering of AMPA receptors.
(E and F) Quantitative analysis of the distribution of liprin-2 immu-
In coimmunoprecipitation experiments, we confirmednogold particles at synapses, performed using 10 nm particles. (E)
that the Myr-HA-PDZ6 disrupted the liprin--GRIP asso-Distribution of gold particles in the axo-dendritic axis. Abscissa
ciation (Figure 8F). In triply transfected COS-7 cells,represents distance from the center of each gold particle to the
outer leaflet of the postsynaptic membrane (in nanometers); ordinate GRIP and liprin-1 were efficiently coprecipitated with
is labeling density (in arbitrary units; 0 density lies on the abscissa). each other when coexpressed with the Myr-HA-tagged
Data (5 nm bins) are smoothed using a 5-point weighted running construct of PDZ3 of PSD-95, or the Myr-HA tag alone;
average. (F) Lateral distribution of gold particles along the synapse
however, their coprecipitation was abolished upon(only those within 150 nm of the postsynaptic membrane were con-
coexpression of Myr-HA-PDZ6 of GRIP. As expected,sidered). Standard error bars were computed for n  3 animals.
liprin-1A, which lacks the PDZ6 binding C terminus,Lateral position is normalized; the center of the active zone corre-
sponds to 0 (dotted line), and edge to 1.0. did not disrupt the coimmunoprecipitation of GRIP and
liprin-1 (Figure 8F). Furthermore, interfering with the
liprin-GRIP interaction did not disrupt the association
of GluR2 and GRIP: the coimmunoprecipitation of GRIP1ever, since GluR1 and GluR2 are largely heteromerized
and GluR2 from COS-7 cells was unaffected by cotrans-in hippocampal neurons, we could not distinguish if the
fection of liprin-1, liprin-1A, Myr-HA-PDZ6, or Myr-liprin-1A effect was specific for either of these sub-
HA-PDZ3 (Figure 8G). Thus, the dominant-negative ef-units. To explore this issue, we cotransfected liprin-1A
fects of GRIP-PDZ6 and liprin-1A on AMPA receptorwith recombinant GluR1 or GluR2 (tagged with an HA
targeting are unlikely to be secondary to disruption ofepitope tag near the N terminus to allow surface staining
in live neurons). HA-GluR1 and HA-GluR2 were strongly the GRIP-AMPA receptor interaction.
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Figure 6. Overexpression of Liprin-1A Disrupts Dendritic Clustering and Surface Expression of AMPA Receptors
(A–F) Cultured hippocampal neurons were transfected at DIV14 with either liprin-1A (A, C, D, and E) or liprin-1 (B and F), and doubled
labeled at DIV20 for overexpressed liprin-1 (green) and endogenous GluR2/3 ([A and B], red), endogenous PSD-95 ([C], red), endogenous
surface GluR1 (“s-GluR1”, [D], red), or endogenous surface GluR2 (“s-GluR2,” [E and F], red). Transfected neurons were detected using anti-
liprin-1 antibodies at a low dilution that allowed visualization of cells overexpressing liprin-1, but not of endogenous liprin-1in untransfected
cells (examples of untransfected cells shown in [A], [D], [E], and [F]). Boxed regions are shown at higher magnification below each panel in
gray-scale for individual channels and in color for merged green and red channels. Untransfected neuron in (A) (cell body top right) shows
normal dendritic clustering of GluR2/3. Arrowheads in enlarged insets of (A) point to a dendrite of an untransfected cell crossing the transfected
neuron. Untransfected neurons in (D), (E), and (F) exhibit normal levels of surface GluR1 and GluR2 and are shown for comparison with
transfected (green) cells in the same panels. Scale bar, 40 m.
Discussion cules in a multimeric GRIP complex (Dong et al., 1999;
Srivastava et al., 1998).
Dendritic clustering of AMPA receptors is inhibited byLiprin--GRIP Interaction in AMPA Receptor
Targeting disrupting GluR2/3 C terminus-mediated interactions,
consistent with a crucial role of GRIP in synaptic tar-Containing six or seven PDZ domains, GRIP/ABP has
the capacity to scaffold a large protein complex associ- geting (Dong et al., 1997). We found that disrupting the
GRIP-liprin- interaction similarly suppressed the den-ated with AMPA receptors. Here we have identified the
liprin- family of proteins as major binding partners of dritic clustering of AMPA receptors. In addition, surface
expression of AMPA receptors was drastically impaired.GRIP in neurons. The C terminus of liprin- interacts
specifically with PDZ6 of GRIP/ABP, placing this interac- Significantly, two complementary approaches to in-
terfering with the GRIP-liprin- interaction (overexpress-tion adjacent to the PDZ domain (PDZ5) that binds to
GluR2/3. The robust complex of liprin-/GRIP/GluR2/3 ing a natural splice variant of liprin- that cannot bind
GRIP, or overexpressing the isolated PDZ6 of GRIP)detected in brain extracts could be mediated by liprin-
and AMPA receptors binding to neighboring PDZs within converged to give the same result. This concordance is
important because proteins other than liprin- havea single GRIP molecule and/or to different GRIP mole-
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Figure 7. Liprin-1A Inhibits Surface Expression of GluR2 but Not GluR1
(A–D) Cultured hippocampal neurons were cotransfected at DIV14 with liprin-1 or liprin-1A and HA-GluR2 or HA-GluR2 as indicated above
each panel. Cells were triple labeled at DIV20 for overexpressed liprin-1 or liprin-1A (red), surface HA-GluR1 or surface HA-GluR2 (“s-GluR”,
green), and intracellular HA-GluR1 or HA-GluR2 (“in-GluR”, blue), as indicated. Boxed regions are shown at higher magnification below each
panel, in gray scale for individual channels and in color for merged green, red, and blue channels.
been shown to bind to PDZ6 of GRIP (e.g., EphB recep- tained with liprin-1A (which does not interfere with
PDZ6 interactions) argues that the GRIP-liprin- associ-tors and ephrinB ligands); therefore dominant-negative
overexpression of PDZ6 alone (or a PDZ6 binding C ation is a key interaction required for AMPA receptor
targeting. The lack of effect of PSD-95-PDZ3 overex-terminus) might be expected to interfere with these inter-
actions in addition to liprin- binding. Although we can- pression speaks to the specificity of this PDZ-based
mechanism. We cannot explain why our liprin C-terminalnot exclude that Myr-HA-PDZ6 is not disrupting other
PDZ6-mediated interactions, the identical result ob- constructs were ineffective as dominant-interfering con-
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Figure 8. Overexpression of PDZ6 of GRIP1 Interferes with Surface Expression of AMPA Receptors
(A–D) Cultured hippocampal neurons were transfected at DIV14 with PDZ6 of GRIP1 fused to an N-terminal HA-tag and myristoylation
modification sequence (“PDZ6”; [A], [B], and [D]), or with a control construct encoding the myristoylation-HA tag alone (control, [C]). Neurons
were double labeled at DIV20 with HA antibodies for Myr-HA-PDZ6 ([A1, A2, B1, B2, D1, and D2]; green) or Myr-HA control ([C1] and [C2],
green), and for endogenous surface GluR1 (“s-GluR1”; [A1and A3], red), endogenous surface GluR2 (“s-GluR2”; [B1, B3, C1, and C3], red),
or endogenous PSD-95 ([D1 and D3], red), as indicated in each panel. Top panel of each triplet of large panels ([A1–A3], [B1–B3], etc) shows
the merge in color of the individual channels shown in lower two panels. Boxed areas are shown at higher magnification below, in grayscale
for the indicated channel, and in color for the merge.
(E) Quantitation of surface levels of endogenous GluR1 or GluR2 in hippocampal neurons transfected with liprin-1, liprin-1A, Myr-HA-PDZ6,
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structs; however, possible explanations include inade- that C-terminal mutants of GluR2 defective in GRIP bind-
ing show reduced accumulation at synapses (Osten etquate expression of the construct, insufficient affinity
of the liprin C terminus for PDZ6, and inappropriate al., 2000). Our discovery of a specific interaction be-
tween GRIP and liprin- offers further insight into the“presentation” or stoichiometry of the C-terminal tail in
the fusion protein construct. subunit-specific pathways that mediate the delivery of
AMPA receptors to synapses (Shi et al., 2001; PassafaroTwo classes of explanation exist for why GRIP binding
to liprin- might be required for surface/synaptic tar- et al., 2001).
geting of GRIP-associated AMPA receptors. First,
liprin- may act as a targeting molecule to recruit GRIP A Liprin--GRIP Complex Containing AMPA
Receptors and Receptor Tyrosineand associated proteins to postsynaptic sites. For in-
stance, liprin- could be specifically localized in the Phosphatases
Regulated AMPA receptor trafficking has emerged re-synapse and offer a “docking” site for GRIP. The fact
that liprin- is enriched in synaptic sites by LM and EM cently as an important mechanism for controlling synap-
tic transmission (reviewed in Lu¨scher et al., 1999; Mali-is compatible with it acting as a “signpost” for recruit-
ment of GRIP and AMPA receptors. However, liprin- now et al., 2000; Turrigiano, 2000). Since it appears to
play a role in AMPA receptor trafficking, it will be impor-is also widely distributed at nonsynaptic locations in
both axons and dendrites, and it is linked (biochemically tant to investigate the possible involvement of liprin-
in synaptic plasticity. With this in mind, it is interestingand immunocytochemically) to GRIP, a protein that ap-
pears in large part to be associated with intracellular that liprin- recruits a tyrosine phosphatase (LAR-RPTP)
into a complex with GRIP. Tyrosine phosphorylation ismembranes. These observations argue that liprin- is
not an anchoring protein exclusively located at synaptic involved in acetylcholine clustering at the vertebrate
neuromuscular junction (Sanes and Lichtman, 1999),sites and that liprin- and GRIP might be associated in
transit to their destinations. LAR-RPTPs, being mem- while tyrosine dephosphorylation regulates the dis-
persal of acetylcholine receptor clusters (Dai and Peng,brane proteins more specifically localized in dendritic
spines and synapses, could feasibly function as tar- 1998). It seems plausible that tyrosine phosphatase ac-
tivity also plays a role in controlling the synaptic distribu-geting determinants that recruit the GRIP/liprin- com-
plex to synaptic sites. tion of AMPA receptors in neurons. LAR-RPTPs are con-
centrated with AMPA receptors in dendritic spines andAn alternative explanation is that liprin-plays a role in
the trafficking or transport of the GRIP complex, perhaps are associated with AMPA receptors in cross-linking
studies. Thus LAR-RPTPs could be in an appropriateacting as an adaptor between GRIP and motor proteins.
Consistent with this possibility is the widespread sub- situation to regulate AMPA receptor trafficking, perhaps
by dephosphorylating AMPA receptor subunits them-cellular distribution of GRIP and liprin-, their biochemi-
cal enrichment in vesicle-enriched fractions, and their selves. LAR-RPTPs could also play roles in synapse
development, as evidenced by the requirement for DLARpunctate colocalization on putative intracellular vesicles
(especially striking in growth cones). Further supporting in morphogenesis of the Drosophila neuromuscular
junction (Kaufmann et al., 2002).this idea is the discovery that liprin- interacts directly
with KIF1A, a member of the kinesin superfamily of mo-
lecular motors (H.S., M.W., M.S., and E.K., unpublished Presynaptic Liprin- and GRIP
Our LM and EM analysis revealed that liprin- is presentdata). Disrupting the liprin--GRIP interaction could
therefore uncouple GRIP/AMPA receptors from a motor in the presynaptic as well as the postsynaptic compart-
ment of neurons. In both axons and dendrites, liprin-potentially involved in transport of GRIP complexes into
dendrites, to the cell surface, or to synapses. We cannot is frequently associated with GRIP, including at nonsyn-
aptic sites. In axons of cultured hippocampal neurons,exclude, however, that the liprin-GRIP interaction is in-
volved in stabilizing AMPA receptors at the synapse. liprin- and GRIP colocalized in tubulovesicular struc-
tures; in growth cones, they colocalized in round vesicle-Whatever the mechanism by which liprin- acts, it ap-
pears to be specifically required for the targeting of like structures that radiated into filopodia. At the EM
level, liprin- immunogold labeling occurred over axonAMPA receptors, since another postsynaptic marker of
glutamatergic synapses (PSD-95) is untouched by dis- terminals and synaptic vesicles in addition to the PSD—a
pattern similar to that found with GRIP immunogold stud-ruption of the liprin--GRIP interaction. More remark-
ably, our findings suggest that the GRIP-liprin interac- ies (Wyszynski et al., 1999). What might be the function
of liprin-/GRIP in the presynaptic compartment?tion is required for targeting of GluR2 but not GluR1,
since HA-GluR1 in presumptive homomeric configura- Mutations in the syd-2 (liprin-) gene cause abnormal
structure of the active zone and impaired presynaptiction reached the surface of liprin-1A-transfected neu-
rons. These findings are consistent with a recent report function in C. elegans motor neurons (Zhen and Jin,
or Myr-HA control. Histograms (mean 	 SEM) show the ratio of surface immunofluorescence intensity of GluR1 or GluR2 (arbitrary units of
fluorescence per square area) in transfected cells relative to untransfected cells (visualized within the same microscopic field).
(F) PDZ6 of GRIP disrupts the association of liprin-1 and GRIP. Extracts of COS-7 cells triply transfected (Transf) with cDNAs indicated at
the bottom of each panel were immunoprecipitated (IP) with nonimmune rabbit immunoglobulins (IgG), liprin-1, or GRIP antibodies as
indicated. Immunoprecipitates and input to the immunoprecipitation reaction were immunoblotted for liprin-1 and GRIP.
(G) Liprin-1A and GRIP-PDZ6 do not disrupt association of GluR2 and GRIP. Coimmunoprecipitations from triply transfected COS cells were
performed as in (F). Immunoprecipitates and input were probed for liprin-1, GRIP, and GluR2.
Neuron
50
immunizing peptide. Mouse monoclonal anti-liprin-1 antibody 1.77,1999). Drosophila mutants in liprin- exhibit defects in
anti-liprin-2 antibody 254.2, and mouse monoclonal anti-LAR anti-terminal axon branching and bouton development at
body 11.1A were previously described (Serra-Page`s et al., 1995,the neuromuscular junction (Kaufmann et al., 2002 [this
1998; Streuli et al., 1992). Rabbit polyclonal anti-LAR-RPTP antibod-
issue of Neuron]). These genetic data point to an impor- ies D5013 were raised against a fusion protein of the human LAR
tant presynaptic function of liprin-/SYD2, which is con- phosphatase domain D1 (amino acids 1315–1607) fused to thiore-
doxin (pET-32a [] vector, Novagen), and affinity-purified on a Sul-sistent with the partial presynaptic distribution of liprin-
folink column coupled to a GST-fusion protein of the same LARobserved in our studies. By analogy with the liprin-depen-
fragment. The following antibodies were obtained from commercialdent targeting of AMPA receptors to postsynaptic sites,
sources: mouse anti-GST and rabbit anti-HA antibodies (Santa Cruza reasonable hypothesis is that liprin- functions in ax-
Biotechnology, Santa Cruz, CA); mouse anti-GluR2, rabbit anti-
ons to target specific proteins to presynaptic membrane GluR1 and anti-GluR2/3 (Chemicon, Temecula, CA); mouse anti-
specializations such as the active zone. As in the post- NR1 antibody 54.1 (PharMingen, San Diego, CA); nonimmune puri-
fied rabbit IgG and anti-synaptophysin SVP38 antibody (Sigma, St.synaptic compartment, this presynaptic protein tar-
Louis, MO); FITC-, Cy3- and Cy5- conjugated secondary antibodiesgeting function may depend, at least in part, on binding
(Jackson ImmunoResearch Labs); mouse anti-tau-1 antibody (Boeh-of liprin to a GRIP-based protein complex.
ringer Mannheim, Indianapolis, IN).Zhen and Jin (1999) suggested that liprin-/SYD-2
might act as an anchoring protein to recruit other mole-
DNA Constructs
cules (such as LAR-RPTP) to presynaptic active zones. The mammalian expression constructs for liprin-1 and liprin-1A
Our data are not inconsistent with such an idea, but (Serra-Page`s et al., 1995), liprin-2 (Serra-Page`s et al., 1998), LAR
they are equally compatible with liprin-/SYD2 being (Streuli et al., 1992), GRIP1 (Wyszynski et al., 1998), and HA-tagged
GluR1 and GluR2 (Passafaro et al., 2001) have been described. Toinvolved in trafficking of associated proteins to the pre-
generate the mammalian expression construct encoding PDZ6 ofsynaptic site. In such a case, LAR-RPTP could be pri-
GRIP1, a DNA cassette encoding in tandem a HA epitope tag (YPYDmarily localized in the presynaptic membrane and act
VPDYA) and myristoylation modification sequence (MGQSLTTHA)
as an anchoring protein for the recruitment of liprin-, was generated by PCR using two overlapping oligos and inserted
rather than the other way around. The precise molecular into the poly-linker region of the mammalian expression vector GW1
actions of liprin- remain to be defined. However, by (CMV promoter). PDZ6 of GRIP1 (amino acids 657–761) was PCR
amplified and subcloned in-frame downstream of the HA-tag/myris-revealing its role in the dendritic clustering of AMPA
toylation modification sequence.receptors, our findings indicate that liprin- functions
in both postsynaptic and presynaptic compartments to
Immunocytochemistry of Neuron Culturesensure proper maturation of the synapse.
Rat hippocampal neuron cultures were prepared from hippocampi
dissected from E18 rat embryos as described (Goslin and Banker,
Experimental Procedures 1991). For endogenous protein staining, neurons were fixed with
ice-cold methanol for 30 min at 20
C, washed in phosphate-buf-
Yeast Two-Hybrid fered saline (PBS) three times for 5 min at room temperature and
Two-hybrid screening was performed using the L40 yeast strain incubated with primary antibodies in staining buffer (GDB, 30 mM
harboring reporter genes HIS3 and LacZ under the control of up- phosphate buffer, pH 7.4, containing 0.2% gelatin, 0.5% Triton
stream LexA binding sites (Niethammer and Sheng, 1999). PDZ6 X-100, and 0.8 M NaCl) overnight at 4
C. The cells were then washed
domain of GRIP1 (residues 665–761) and liprin-4 (C-terminal 845 three times in wash buffer (WB, 20 mM phosphate buffer, pH 7.4, and
amino acids) were subcloned into pBHA (LexA fusion vector) and 0.5 M NaCl) for 10 min at room temperature. Following incubation of
used to screen a rat brain cDNA library constructed in pGAD10 the cells with secondary antibody in GDB for 1 hr at room tempera-
(GAL4 activation domain vector; Clontech). C-terminal alanine-scan- ture, the cells were washed sequentially in WB and PBS for 10 min
ning mutants of liprin-, and deletion mutants of rat GRIP1 (residues at room temperature. For staining of endogenous surface AMPA
463–761, 463–666, 566–761, 664–990, 463–567, 566–666, 665–761, receptors, transfected neurons were labeled with an antibody (10
751–990, and 751–1112), were created by PCR and subcloned into g/ml) directed against the extracellular region of either AMPA re-
pGAD10. The interactions of GRIP1 and liprin- were measured by ceptor subunit GluR1 (Oncogene Research Products, San Diego,
semiquantitative yeast two-hybrid assays using HIS3 and LacZ as CA), or GluR2 (Chemicon International, Inc.) for 10 min at 37
C to
reporter genes (Niethammer and Sheng, 1999). visualize the surface receptors, then washed extensively with cold
DMEM (GIBCO-BRL, Carlsbad, CA) and fixed for 8 min in 4% para-
Fusion Proteins and In Vitro Binding formaldehyde/4% sucrose. Neurons were then incubated with anti-
Filter overlay binding assays were performed as described (Wyszyn- HA (1 g/ml; Boehringer Mannheim) or anti-liprin- antibodies
ski and Sheng, 1999). The cytoplasmic C-terminal tail of Kv1.4 (resi- (1 g/ml) in GDB for 1hr at room temperature. For staining HA-
dues 568–655) and the C-terminal region of liprin-4 (C-terminal tagged surface AMPA receptor, transfected neurons were labeled
909 residues) were subcloned into GST-fusion vector pGEX-4T-1 with mouse anti-HA antibody (1 g/ml; Boehringer Mannheim) for
(Pharmacia, Piscataway, NJ). GST-fusion proteins were prepared 1 hr at 4
C to visualize the surface HA-GluR receptors, then washed
as crude bacterial lysates, separated by SDS-PAGE electrophoresis, with cold DMEM and fixed for 8 min in 4% paraformaldehyde/4%
transferred to nitrocellulose, and incubated with 0.5 g/ml H6- sucrose. Neurons were then incubated with rat anti-HA (1 g/ml;
tagged fusion protein of GRIP1 containing PDZ4-6 (residues 463– Boehringer Mannheim) and rabbit anti-liprin- antibody 1069
761) (Wyszynski et al., 1998) or 0.5 g/ml H6-tagged fusion protein (1 g/ml) in GDB for 1hr at room temperature to label intracellular
of the first two PDZ domains of PSD-95 (amino acids 41–267) (Kim tagged receptors and liprin-. After extensive washing, neurons
et al., 1995). were incubated with FITC-, Cy3- and Cy5-conjugated secondary
antibodies in GDB for 1 hr at room temperature.
Antibodies
Affinity-purified rabbit anti-GRIP antibodies “1756” and “C8399-I” Image Analysis and Quantification
Fluorescence images of singly transfected neurons double stained(Wyszynski et al., 1998, 1999) and anti-PSD-95 antibodies (“CSK”)
(Kim et al., 1995) have been previously described. Rabbit anti- for endogenous and exogenous protein were acquired through a
Zeiss 63 (NA 1.4) objective using a Photometrics CCD cameraliprin- sera 1551 and 1069 were raised against synthetic peptides
corresponding to rat liprin-4 amino acids ARVRQREKMNEDHN (Princeton Instruments, Trenton, NJ) and analyzed using MetaMorph
image analysis software (Universal Imaging Corporation, Downing-KRLS and rat liprin-1 amino acids SFRRAPSWRKKFRPKDIR, re-
spectively, and affinity-purified on Sulfolink columns coupled to the town, PA). For confocal image analysis and quantification of double-
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transfected neurons, images were obtained using a Zeiss 63 (NA Received: August 23, 2000
Revised: December 28, 20011.4) objective with sequential acquisition settings at the maximal
resolution of the confocal (1280  1024 pixels). Each image was a
z-series of 7–12 image, each averaged two to three times with a References
Kalman filter and taken at 0.75 m depth intervals. The resultant
stack was “flattened” into a single image using a maximum projec- Bateman, J., Shu, H., and Van Vactor, D. (2000). The guanine nucleo-
tion. The confocal microscope settings were kept the same for all tide exchange factor trio mediates axonal development in the Dro-
scans. All morphometric measurements were performed using Meta- sophila embryo. Neuron 26, 93–106.
Morph software. Dendrites from transfected and untransfected cells
Bruckner, K., Pablo Labrador, J., Scheiffele, P., Herb, A., Seeburg,were carefully traced. The average intensity of surface fluorescence
P.H., and Klein, R. (1999). EphrinB ligands recruit GRIP family PDZstaining was then determined for the traced regions. Intensity mea-
adaptor proteins into raft membrane microdomains. Neuron 22,surements are expressed in arbitrary units of fluorescence per
511–524.square area. All values in figures and text refer to mean 	 SEM
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acetylcholine receptor cluster dispersal and formation. J. Cell Biol.
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Immunoblotting and Immunoprecipitation
Dong, H., O’Brien, R.J., Fung, E.T., Lanahan, A.A., Worley, P.F.,COS-7 cells were transfected with GRIP1 and GluR2 in expression
and Huganir, R.L. (1997). GRIP: a synaptic PDZ domain-containingvector GW1-CMV (Wyszynski et al., 1998), liprin-1, or liprin-1A in
protein that interacts with AMPA receptors. Nature 386, 279–284.expression vector pMT2 (Serra-Page`s et al., 1995). Crude synapto-
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liprin- (1069), or rabbit IgG antibodies as described (Wyszynski et
Kaufmann, N., DeProto, J., Ranjan, R., Wan, H., and Van Vactor, D.al., 1999). For chemical cross-linking, brain tissues were homoge-
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an antibody concentration of 1 g/ml.
Lin, D., Gish, G.D., Songyang, Z., and Pawson, T. (1999). The car-
boxyl terminus of B class ephrins constitutes a PDZ domain binding
Immunoelectron Microscopy motif. J. Biol. Chem. 274, 3726–3733.
For electron microscopy, four rats were fixed with a mixture of Lu¨scher, C., Xia, H., Beattie, E.C., Carroll, R.C., von Zastrow, M.,
paraformaldehyde and 1%–2.5% glutaraldehyde; brains from these Malenka, R.C., and Nicoll, R.A. (1999). Role of AMPA receptor cycling
animals were postfixed for 2–4 hr and processed for osmium-free in synaptic transmission and plasticity. Neuron 24, 649–658.
embedment (for details, see Phend et al., 1995). Thin sections were
Malinow, R., Mainen, Z.F., and Hayashi, Y. (2000). LTP mechanisms:cut and collected on 300-mesh uncoated nickel grids and stained
from silence to four-lane traffic. Curr. Opin. Neurobiol. 10, 352–357.using the immunogold approach described (Phend et al., 1992), with
modifications as described (Phend et al., 1995; Valtschanoff et al., Niethammer, M., and Sheng, M. (1999). Identification of ion channel-
1999) using anti-liprin-2 monoclonal antibody 254.2 at 1:10,000 associated proteins using the yeast two-hybrid system. In Methods
dilution. For quantitative analysis, we took micrographs of random in Enzymology, P.M. Conn, ed. (New York: Academic Press), pp.
fields including 34 immunopositive synapses from three animals. 104–122.
Positions of 162 gold particles were measured; analysis was per- Osten, P., Khatri, L., Perez, J.L., Kohr, G., Giese, G., Daly, C., Schulz,
formed on 150 of these that lay within 200 nm of the postsynaptic T.W., Wensky, A., Lee, L.M., and Ziff, E.B. (2000). Mutagenesis re-
membrane. To define “axodendritic” position, the distance between veals a role for ABP/GRIP binding to GluR2 in synaptic surface
the center of each gold particle and the outer leaflet of the postsyn- accumulation of the AMPA receptor. Neuron 27, 313–325.
aptic membrane was measured. The lateral edges of the active zone
Passafaro, M., Piech, V., and Sheng, M. (2001). Subunit-specific(AZ) were defined by the points of disappearance of the postsynaptic
temporal and spatial patterns of AMPA receptor exocytosis in hippo-density. In perforated synapses, the entire length of the synapse,
campal neurons. Nat. Neurosci. 4, 917–926.including all fragments with PSD and all perforations, was measured
Phend, K.D., Weinberg, R.J., and Rustioni, A. (1992). Techniques toas a single AZ. To define the “lateral” synaptic position of a gold
optimize post-embedding single and double staining for amino acidparticle, we measured the distance from each end of the AZ to a
neurotransmitters. J. Histochem. Cytochem. 40, 1011–1020.line drawn perpendicular to the synapse running through the center
of the particle. Phend, K.D., Rustioni, A., and Weinberg, R.J. (1995). An osmium-
free method of Epon embedment that preserves both ultrastructure
and antigenicity for postembedding immunocytochemistry. J. Histo-Acknowledgments
chem. Cytochem. 43, 283–292.
Pulido, R., Serra-Page`s, C., Tang, M., and Streuli, M. (1995). TheWe are grateful to Daniel Pak and Yi-Ping Hsueh for unpublished
reagents. M. Sheng is Associate Investigator of the Howard Hughes LAR/PTP/PTP subfamily of transmembrane protein-tyrosine-
phosphatases: multiple human LAR, PTP, and PTP isoforms areMedical Institute. M. Streuli is a Scholar of the Leukemia and Lym-
phoma Society. This work was supported by NIH grants NS 35050 expressed in a tissue-specific manner and associate with the LAR-
interacting protein LIP.1. Proc. Natl. Acad. Sci. USA 92, 11686–(M. Sheng), CA66268 (M.W.), CA55547 (M. Streuli), and the Korea
Research Foundation (E.K.). 11690.
Neuron
52
Sanes, J.R., and Lichtman, J.W. (1999). Development of the verte-
brate neuromuscular junction. Annu. Rev. Neurosci. 22, 389–442.
Serra-Page`s, C., Kedersha, N.L., Fazikas, L., Medley, Q., Debant,
A., and Streuli, M. (1995). The LAR transmembrane protein tyrosine
phosphatase and a coiled-coil LAR-interacting protein co-localize
at focal adhesions. EMBO J. 14, 2827–2838.
Serra-Page`s, C., Medley, Q.G., Tang, M., Hart, A., and Streuli, M.
(1998). Liprins, a family of LAR transmembrane protein-tyrosine
phosphatase- interacting proteins. J. Biol. Chem. 273, 15611–15620.
Sheng, M., and Sala, C. (2001). PDZ domains and the organization
of supramolecular complexes. Annu. Rev. Neurosci., in press.
Shi, S., Hayashi, Y., Esteban, J.A., and Malinow, R. (2001). Subunit-
specific rules governing AMPA receptor trafficking to synapses in
hippocampal pyramidal neurons. Cell 105, 331–343.
Srivastava, S., Osten, P., Vilim, F., Khatri, L., Inman, G., States, B.,
Daly, C., DeSouza, S., Abagyan, R., Valtschanoff, J., et al. (1998).
Novel anchorage of GluR2/3 to the postsynaptic density by the
AMPA receptor-binding protein ABP. Neuron 21, 581–591.
Streuli, M., Krueger, N.X., Ariniello, P.D., Tang, M., Munro, J.M.,
Blattler, W.A., Alder, D.A., Disteche, C.M., and Saito, H. (1992). Ex-
pression of the receptor-linked protein tyrosine phosphatase LAR:
proteolytic cleavage and shedding of the CAM-like extracellular re-
gion. EMBO J. 11, 897–907.
Torres, R., Firestein, B.L., Dong, H., Staudinger, J., Olson, E.N.,
Huganir, R.L., Bredt, D.S., Gale, N.W., and Yancopoulos, G.D. (1998).
PDZ proteins bind, cluster, and synaptically colocalize with Eph
receptors and their ephrin ligands. Neuron 21, 1453–1463.
Turrigiano, G.G. (2000). AMPA receptors unbound: membrane cy-
cling and synaptic plasticity. Neuron 26, 5–8.
Valtschanoff, J.G., Burette, A., Wenthold, R.J., and Weinberg, R.J.
(1999). Expression of NR2 receptor subunit in rat somatic sensory
cortex: synaptic distribution and colocalization with NR1 and PSD-
95. J. Comp. Neurol. 410, 599–611.
Van Vactor, D. (1998). Protein tyrosine phosphatases in the devel-
oping nervous system. Cur. Opin. Cell Biol. 10, 174–181.
Wills, Z., Bateman, J., Korey, C.A., Comer, A., and Van Vactor, D.
(1999). The tyrosine kinase Abl and its substrate enabled collaborate
with the receptor phosphatase Dlar to control motor axon guidance.
Neuron 22, 301–312.
Wyszynski, M., Kim, E., Yang, F.-C., and Sheng, M. (1998). Biochemi-
cal and immunocytochemical characterization of GRIP, a putative
AMPA receptor anchoring protein, in rat brain. Neuropharmacology
37, 1335–1344.
Wyszynski, M., and Sheng, M. (1999). Analysis of ion channel associ-
ated proteins. In Methods in Enzymology, P.M. Conn, ed. (New York:
Academic Press), pp. 371–385.
Wyszynski, M., Valtschanoff, J.G., Naisbitt, S., Dunah, A.W., Kim,
E., Standaert, D.G., Weinberg, R.J., and Sheng, M. (1999). Associa-
tion of AMPA receptors with a subset of glutamate receptor-inter-
acting protein in vivo. J. Neurosci. 19, 6528–6537.
Ye, B., Liao, D., Zhang, X., Zhang, P., Dong, H., and Huganir, R.
(2000). GRASP-1: a neuronal RasGEF associated with the AMPA
receptor/GRIP complex. Neuron 26, 603–617.
Zhen, M., and Jin, Y. (1999). The liprin protein SYD-2 regulates
the differentiation of presynaptic termini in C. elegans. Nature 401,
371–375.
